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Tree invasionsAlien species that are desirable and commercially important in some parts of the landscape but damaging
invaders in other parts present a special challenge for managers, planners, and policy-makers. Casuarina
cunninghamiana (Casuarinaceae), native to the eastern and north-eastern coasts of Australia, has been cultivated
in South Africa for more than a century. This study explores the invasion ecology of C. cunninghamiana in the
south-western part of the Western Cape. We examined differences between naturalized and non-naturalized
populations (e.g. the roles of propagule pressure, land use and bioclimatic suitability), assessed invasion risk,
and provide recommendations for control.
Naturalisationwas observed in 81% of the populations surveyed. In climatically suitable areas, propagule pressure
and distance towater bodies andwater courseswere signiﬁcant predictors of naturalisation— naturalisationwas
most likely to occur within 100 m from the nearest planted individual and close to water bodies and water
courses. The species has also naturalized in regions with suboptimal bioclimatic conditions, but then only very
close (b10 m) to planted trees. Based on our ﬁndings we recommend: 1) the immediate removal of female
trees from within 100 m of water bodies and water courses; 2) all future sales and plantings to be restricted to
male plants; and 3) the development of a management strategy (potentially including biological control) to con-
trol existing invasions and limit future spread. If these steps are taken,webelieve itwould be possible tomaintain
the beneﬁcial uses the species has in some locations without incurring substantial negative impacts in other
locations.
© 2014 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Alien plant populations only naturalise if barriers to reproduction
and establishment can be overcome. Subsequent invasion is then con-
tingent upon dispersal from introduction foci (Richardson et al.,
2000). Our ability to predict areas at risk of invasion, and ultimately to
prevent future invasions, depends on successfully identifying species
and ecosystem traits that affect naturalisation and invasion (Hulme,
2006). Considerable progress has been made towards understanding
the determinants of invasiveness and invasibility (Rejmánek et al.,
2005), however, invasions remain difﬁcult to predict because of the
complex interactions between traits of the alien species, features of
the environment, and the context in which they have been introduced
and planted.
Invasive alien species, especially when the invasion is still at an
early stage, are generally not at equilibrium with the environmentieter), rich@sun.ac.za
n).
ghts reserved.(Richardson et al., 2010). At this stage, invasions are more frequently
constrained by propagule availability than by habitat requirements
(Rouget and Richardson, 2003; Donaldson et al., in press). Residence
time and propagule pressure play an important role in structuring inva-
sive plant populations (Lockwood et al., 2005; Křivánek et al., 2006;
Wilson et al., 2007; Simberloff, 2009). Species introduced in large num-
bers over long periods have a greater chance of establishing and spread-
ing than those with lower propagule pressure (Rouget and Richardson,
2003; Lockwood et al., 2005; Simberloff, 2009; Procheş et al., 2012).
Habitat suitability predictions have been used to identify areas at
risk of invasions and predict spread pathways of invasive species so as
to improve search and management strategies (Rouget et al., 2002;
Richardson et al., 2010; Trethowan et al., 2011; Kaplan et al., 2014).
Highlighting areas with high suitability or risk of invasion by a species
will improve the efﬁciency of searching and enable early detection of in-
festations before they are able to spread further (Kaplan et al., 2014).
Many introduced tree species are commercially important, e.g. for
forestry, but some have undesirable consequences, e.g. by causing
changes to ecosystem structure or functioning, in parts of their intro-
duced ranges (van Wilgen et al., 2011). As more cultivated species
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come increasingly diverse, complex conﬂicts of interest arise, that
can compromise management efforts (De Wit et al., 2001; Van Wilgen
et al., 2011; Van Wilgen, 2012; Dickie et al., 2014; Van Wilgen and
Richardson, 2014).
A better understanding of the conﬂicts of interest and site-speciﬁc
drivers of naturalisation of an alien species can elucidate the associated
invasion risks and ultimately provide an approach to risk management.
This paper presents insights in this regard from a study of the invasion
dynamics of C. cunninghamiana.
1.1. History of C. cunninghamiana in South Africa
Many accounts of Casuarina in SouthAfrica refer only to the genus or
lump several species together (e.g., Henderson, 2007; Poynton, 2009),
and during the initial introductions of C. cunninghamiana to South
Africa the species was often confused with other species in the genus,
particularly C. equisetifolia, C. leptoclada (now Allocasuarina littoralis)
and C. torulosa (now Allocasuarina torulosa). However, four seedlots re-
corded as C. cunninghamianawere imported between 1902 and 1907 by
the Cape and Transvaal colonial forest services, mostly from Australia.(b) 
(e) (d) 
(g) 
(a) 
(h) 
Fig. 1. Casuarina cunninghamiana in theWestern Cape, South Africa. (a) The species in full ﬂow
roadsides or disturbed sites adjacent to roads, (e) planted as windbreaks for citrus orchards an
ically inundated area, (g) naturalized in a farmdam,which is at full capacity only after the rainy s
(h) naturalized individual resprouting following treatment with ﬁre, and (i) resprouting after
All photos: L.J. Potgieter.Arboretum trials were conducted under a range of climatic and edaphic
conditions, and the specieswasused experimentally forﬁre belts in tim-
ber plantations (Poynton, 2009). Its potential in this regard was
recognised as early as in the late nineteenth century. It received little at-
tention as a forestry species, as it does not grow well under plantation
conditions, and is now predominantly cultivated for shade, shelter and
ornament (Poynton, 1995, 2009).
Planted Casuarina species have become a conspicuous feature of
many South African landscapes and have been economically important
in many areas (Fig. 1). C. cunninghamiana has been used extensively for
shelterbelts, windbreaks and amenity purposes (Poynton, 1995) and it
is often grown along vegetable gardens and houses to protect the
crops and inhabitants from sand-laden winds. Fire screens made from
branches are commonplace in areas without electricity to protect the
outside cooking area from wind.
1.2. Invasion status of C. cunninghamiana in South Africa
C. cunninghamiana was declared a Category-2 invader under the
Conservation of Agricultural Resources Act, 1983 (CARA; Henderson,
2001, 2006). A permit that speciﬁes demarcated areas is required to(c) 
(f) 
1 mm 
(i) 
er (male), (b) female cones each containing hundreds of (c) samaras, (d) spreading along
d spreading into the adjacent river (note active management), (f) naturalized in a period-
eason (adult trees survive periodic inundation and juveniles survive periodic submersion),
clearing.
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are issued for planting of this species in riparian zones. Henderson
(2007) records naturalisation of C. cunninghamiana in savanna, grass-
land and fynbos biomes. Nel et al. (2004) classify this species as a “po-
tential habitat transformer” species which means that the species has
the potential to change the character, condition, form, or nature of eco-
systems over substantial areas. C. cunninghamiana has awidespreaddis-
tribution as a naturalized or invasive plant in South Africa, with
populations occurring in Mpumalanga (4 quarter-degree grid cells),
KwaZulu–Natal (3), Eastern Cape (3), and Gauteng (2), but it is most
widespread in the Western Cape (11), particularly in the south-
western parts of the province (7) (SAPIA, April 2013).
In its native range, C. cunninghamiana is typically the dominant plant
in riparian habitats (Castle et al., 2008). It is restricted to river- and
stream banks, and may extend for a short distance up rocky hillsidesFig. 2. Predicted climatic suitability of Casuarina cunninghamiana in (a) its native range in Aust
obtained from the Atlas of Living Australia, http://www.ala.org.au.above watercourses (Orwa et al., 2009). In South Africa, river beds
(Fig. 1e) and dams (Fig. 1g) are likely to act as conduits for seed
dispersal via wind and water and provide microsites for seedling
recruitment.
The overall extent of naturalisation and invasion and the ecological
impact of this species in South Africa remain poorly documented.
With limited funds and resources available for invasive plant man-
agement, it is important to prioritise efforts based on the environ-
mental and economic risks a species poses. An assessment of
invasiveness, based on a species' biology and population dynamics,
will provide a good indication of the risk posed by a species and in-
form plans for the species' management (Zenni et al., 2009; Moore
et al., 2011).
The capacity for resprouting and reaching reproductive age early,
and its rapid growth rate and ability to ﬁx nitrogen (Zhong et al.,ralia with native distribution records and (b) in South Africa. Native distribution data was
137L.J. Potgieter et al. / South African Journal of Botany 92 (2014) 134–1462010) mean that C. cunninghamiana could become a damaging invader
in South Africa. This paper examines the distribution of planted versus
naturalized individuals of C. cunninghamiana in one part of its range in
South Africa — the southwestern part of the Western Cape. The studyBox 1
Casuarina cunninghamiana poses a substantial threat to vegetation around d
South Africa.
"Large water bodies are particularly vulnerable to invasion by alien specie
landscapes (Havel et?al., 2005). Dams fed by surface water from agric
species (Galatowitsch et?al., 1999). The effect of dams on seed dispersa
and Chenoweth, 2008). In its native range, C. cunninghamiana establishe
(plants are alternately submerged and exposed) which apparently encour
Theewaterskloof Dam is the largest dam in the Western Cape and has a
the land surrounding the dam is cultivated (Box 1. Fig. 1), mainly for
windbreaks. There are also several old plantations of C. cunninghamiana
insight on the invasion dynamics of this species at a landscape scale,
naturalized individuals. Southeasterly (summer) and north-westerly (win
around Theewaterskloof Dam appears to be largely determined by the s
of the dam exposed to wind from that direction. Naturalized individuals o
is planted, suggesting long distance dispersal inwater. On the cultivated la
radiata was used as a windbreak, not C. cunninghamiana. The spe
Theewaterskloof Dam (Box 1. Fig. 2). In addition, seasonal water inund
2005) which may open up new patches for C. cunninghamiana colonizat
Box 1. Fig. 1.Map of the Theewaterskloof Dam showing the distribution
Villiersdorp 
Theeewatters 
Nature Reserve
Roads
Theewaters 
Nature Reserve 
Rivers
Cultivated lan
Degraded lan
Natural areas
Casuarina cu
localitiesaims to: 1) assess factors that promote naturalisation and invasion;
2) determine areas at risk of invasion by C. cunninghamiana; and 3) pro-
vide guidelines for managing planted and naturalized populations to
minimise the negative impacts resulting from invasion.ams and reservoirs: the case of Theewaterskloof Dam, Western Cape,
s and act as stepping-stones for the dispersal of these species across
ultural and urbanized watersheds also tend to have many invasive
l is likely to depend on the prevailing wind speed and direction (Brown
s in parts of the riparian zone that are characterised by flow variability
ages growth (Roberts and Marston, 2011). Established in 1978, the
perimeter of 82 km (Swanepoel et al., 2006). A large proportion of
fruit farming, where C. cunninghamiana is extensively planted as
(probably established for firewood) near the water's edge. To obtain
we surveyed ~20 km of the edge of the dam for both planted and
ter) winds prevail in the area. The distribution of C. cunninghamiana
outh-easterly wind (Box 1. Fig. 1) - most populations occur on sides
ccur some distance from cultivated lands where C. cunninghamiana
nd observed north-west of the isolated naturalized populations, Pinus
cies can withstand periodic water inundation along the edge of
ation can result in the removal of existing vegetation (Havel et al.,
ion."
of naturalized populations of Casuarina cunninghamiana.
d
d
nninghamiana
Theewaterskloof Dam
Box 1. Fig. 2.Naturalized populations of Casuarina cunninghamiana around the Theewaterskloof Dam, showing substantial establishment at the
high-water mark. (Photos: L.J. Potgieter). The Theewaterskloof case highlights that although most C. cunninghamiana spread is close to plant-
ings, the species can spread rapidly through seed dispersal in water. The benefits (barrier trees for fruit production) occur with costs that are
substantially spatially separated (several kilometres away on land managed for nature conservation).
Box 1 (continued)
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2.1. Study species
C. cunninghamianaMiq. (river she-oak; river oak; or beefwood) is a
tall, evergreen, nitrogen-ﬁxing tree native to eastern Australia (Fig. 2a).
It typically occurs in narrow belts along water streams and rivers.
It is dioecious, with individuals bearing unisex ﬂowers (Fig. 1a) in an
approximate 1:1 mix of sexes. The bark is ﬁnely ﬁssured, scaly, and
grey-brown. The branchlets are needle-like, 7.5–18 cm long, ca. 1 mm
wide, with 8–10 lengthwise ridges ending in a ring of tiny, teeth-likeTable 1
Variables used to develop a model to predict the potential distribution for Casuarina cunningh
measurement used.
Predictor variable Methods of measuring
Altitude GPS
Distance to nearest planted individual Euclidean distance using Spatial Analyst to
Distance to roads Euclidean distance using Spatial Analyst to
Distance to water Euclidean distance using Spatial Analyst to
Land cover Land types adjacent to populations
Management Whether plants are cut or irrigated
Maximum summer temperature
Mean annual rainfall
Mean minimum annual temperature
Moisture availability
Propagule pressure Total number of planted individuals
Soil pH Weighted average of pH values
Vegetation typesscale leaves. The species has cone-like infructescences (Fig. 1b) but is
not serotinous, with samaras (Fig. 1c) released when they are mature.
The cones are nearly round to elongate, 0.7–1.3 cm in diameter.
Samaras are mostly distributed by wind close to female trees but are
also carried by water.
A kilogramme of fruits (±250 cones) yields between 20 and 60 g of
seed (Olson and Petteys, 1974). There are roughly 650–700 seeds/g. The
minimum seed bearing age is between 2 and 5 years, and good seed
crops occur annually (Olson and Petteys, 1974).
Over the last century, C. cunninghamiana has been more widely dis-
seminated around the world than any other species in the genus,amiana in the south-western part of the Western Cape, South Africa and the methods of
Categories Reference
Continuous
ol in ArcMap Continuous
ol in ArcMap Continuous
ol in ArcMap Continuous
Categorical AGIS, 2007
Categorical, binary
AGIS, 2007
AGIS, 2007
AGIS, 2007
AGIS, 2007
Continuous
Categorical AGIS, 2007
Categorical Mucina and Rutherford (2006)
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where it is used for many purposes (Potgieter et al., 2014). It is the larg-
est member of the genus and tolerates a wide range of conditions in-
cluding drought, periodic waterlogging, acid to moderately alkaline
sandy to clay soils, and moderate levels of salinity. It is fast growing
and seeds proliﬁcally. It forms symbiotic associations with soil actino-
mycetes from the genus Frankia as well as ecto-, endo- and arbuscular
mycorrhizal fungi (Diagne et al., 2013). It is currently known to be nat-
uralized in Argentina, Botswana, Brazil, Cyprus, Egypt, New Zealand,
South Africa and Sudan (Rejmánek and Richardson, 2013), and is inva-
sive in La Réunion Island (Kueffer and Lavergne, 2004; Baret et al., 2006)
and Florida, USA, where it is considered amongst the worst invasive
plants (Wheeler et al., 2011).
In South Africa, although fairly tolerant of frost, C. cunninghamiana
thrives best in warm, humid to sub-humid climates (Poynton, 1995).
However, it does not survive the low temperatures and lengthy
droughts that occur in the colder, drier parts of the countrywithout sup-
plementary moisture (Poynton, 1995, 2009). Tolerant of poor drainage
and mildly brackish conditions, it thrives on both clayey and sandy
soils (Poynton, 1995). Nevertheless, it grows most vigorously on deep,
moist but well aerated soil. In coastal areas it only tolerates indirect
exposure to sea breezes. It is susceptible to herbivory by locusts and ter-
mites and seedlings are subject to browsing by stock (U.S. National
Research Council, 1984). Naturalized populations occur in a variety of
microhabitats in South Africa, including along rivers (Henderson,
2007) (Fig. 1e), disturbed areas such as roadsides (Fig. 1d), and period-
ically inundated (Fig. 1f) and submerged (Fig. 1g) areas. Naturalized
individuals are able to resprout following treatment with ﬁre (Fig. 1h)
and after clearing (Fig. 1i).
2.2. Bioclimatic suitability
To estimate the potential distribution range of C. cunninghamiana
in South Africa based on climate, we modelled the realised climatic
niche of C. cunninghamiana using maximum entropy modelling
(Maxent v. 3.3.3; Phillips et al., 2006) and projected it onto the current
South African climate. The bioclimatic variables used to create the
model were obtained from the WorldClim dataset (www.worldclim.
org, Hijmans et al., 2005) at 5-minute resolution.We selected seven bio-
climatic variables: mean annual temperature (Bio1), isothermality
(Bio3), temperature seasonality (Bio4), minimum temperature of the
coldest month (Bio6), annual temperature range (Bio7), mean temper-
ature of the driest quarter (Bio9), mean temperature of the coldest
quarter (Bio11) and precipitation of the driest quarter (Bio17). Presence
data for C. cunninghamiana were obtained from the Australian Virtual
Herbarium (chah.gov.au/avh/; accessed 14 July 2012) for records from
its native range, and from our own distribution data for the invasive
range in South Africa. We ﬁtted the model with duplicate records auto-
matically removed from the analysis if more than one record existed
per 5-min grid cell. We used the additional options of ‘create
response curves’ (response curves were clamped) and ‘perform
jack-knife’. Five hundred iterations of each model were conducted
using the recommended default maximum number of background
points (10,000) and convergence threshold (0.00001) (Phillips
et al., 2006). We used a 10-fold cross-validation to estimate error
around the average model ﬁt and the average test area under curve
(AUC) for model veriﬁcation. We used the minimum training
presence or lowest presence threshold (LPT; Pearson et al., 2007)
to deﬁne climatically suitable areas. ASCII ﬁles of the binary predic-
tion were opened in ArcMap and converted to Raster ﬁles for visual
inspection of the distribution.
2.3. Study sites
We selected the south-western part of the Western Cape as study
area for assessing the invasion dynamics of this species as it is
140 L.J. Potgieter et al. / South African Journal of Botany 92 (2014) 134–146extensively used as a windbreak in agriculture in the region (Poynton,
1995), and there is a substantial climatically suitable range (Fig. 2b).
To locate C. cunninghamianapopulations in the study area, we collat-
ed records from the Southern African Plant Invaders Atlas, SAPIA
(Henderson, 1998) (accessed April 2013), the database of herbarium
records (PRECIS, 2012), and iSpot — an online spotter network (http://
www.ispot.org.za/). Following detailed ﬁeld searches we also
added our own records and those provided by farmers and land
owners to the locality list. A survey was conducted during August and
September 2013 along ~950 km of roads in the study area where
C. cunninghamiana is known to occur at high densities. Maximum
speed was 40 km/h, with one person driving and one person searching
for casuarinas. We mapped all planted and self-established (“natural-
ized” sensu Pyšek et al., 2004) individuals along the roads using a
hand-held Global Positioning System (GPS Garmin® GPSMAP 602S).
Individuals were mapped as “planted” where their position in the
landscape clearly indicated planting by humans (e.g. regular pattern,
proximity to picnic sites, roads, human settlements). Every invaded
site identiﬁed during the vehicle survey was searched on foot.
Our aim was to understand which site factors are important for
triggering naturalisation (Richardson and Pyšek, 2006). The sites were
selected to include a variety of environmental conditions where
C. cunninghamiana is known to succeed; these included different
climatic and hydrological conditions, land-use and soil types, manage-
ment histories, native plant assemblages, and extent of planting0.05 0.1 0.2 0.5 1 2 5 10 20
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Fig. 3. a) Plant height frequency distributions; and b) size at reproduction for Casuarina
cunninghamiana. The frequency distributions were produced using the function density
[stats] in R. The presence of cones or ﬂowers was used as proxy for reproductive maturity
with some jitter added to prevent over plotting. The ﬁtted line for each site is from a gen-
eralised linear model with binomial errors and log (plant height) as the explanatory
variable.(propagule pressure). We only conducted ﬁeld surveys at sites where
we thought populations may have a chance to spread (i.e. where plant-
ings were established in potentially invasible habitats — see Moodley
et al., 2013 for a discussion).
When conducting the road survey we observed numerous natural-
ized C. cunninghamiana populations on the edge of the largest dam in
the region — the Theewaterskloof dam (Box 1). This dam is bordered
by cultivated land (Box 1, Fig. 1) where C. cunninghamiana is widely
planted as a windbreak. Preliminary observations found naturalized
populations occurring far from planted populations, suggesting long-
distance dispersal, almost certainly in water. For these reasons, we un-
dertook an additional survey around the dam to determine the invasion
dynamics of C. cunninghamiana in this special habitat (Box 1).
2.4. Population survey and reproductive size
The location of each plant was recorded using a hand-held GPS.
Eighty-nine sites were systematically surveyed on foot at least 10 m
from any plants observed. Naturalized individuals were categorised as
seedlings (b30 cm in height); juveniles (N30 cm, non-reproducing
plants); and mature adults (N30 cm, reproducing plants). At sites with
abundant recruitment, the number of plants was estimated by walking
around the population to delimit the extent of the population; placing
transects through a part of the population thatmost accurately depicted
the density and size classes; and counting all seedlings, juveniles and
adults in the transect. The tracklogs from the tracking lines recorded
in the GPS were used as the basis for drawing a polygon of the surveyed
area in ArcView GIS v.10.0.
To determine stage-structure and size at reproduction, wemeasured
the height of each plant, checked each plant for the presence of ﬂowers
and cones, and identiﬁed whether plants were resprouts. The signiﬁ-
cance of plantmeasurements in predicting the presence of reproductive
structures was assessed using a generalised linear model, with a bino-
mial error distribution, with signs of reproduction (0/1) as the response
variable and height (log), as the predictor variable.
2.5. Potential distribution: planted vs. naturalized individuals
At each site, we assessed a variety of climatic, topographic and land-
use variables (Table 1). These variables were selected based on the re-
sults of previous studies (Rouget and Richardson, 2003; Foxcroft et al.,
2004; Moodley et al., 2013) that assessed the role of different factors
in mediating plant naturalisation in South Africa. The distribution of
plantations and invasive stands of C. cunninghamiana were mapped
and the data were digitised and stored as Geographic Information
System (GIS) (Arc/Info) layers. Occurrence data were correlated with
various environmental data using niche models to assess the suitable
range for both planted and naturalized individuals separately.
The habitat suitability models were performed in three stages, ﬁrst
using all surveyed C. cunninghamiana populations (n= 89), and second
using populations in areas with suitable climatic conditions. We found
that a small proportion of populations occur in regionswith suboptimal
climates, which suggests that climate may serve as a barrier to
naturalisation. Consequently, we ran a ﬁnal model using these popula-
tions to determine factors inﬂuencing naturalisation in climatically
unsuitable areas.
We used Maxent (following the same protocol used for the biocli-
matic modelling) to relate the distribution of invasive stands with envi-
ronmental variables, and to derive habitat suitability maps for future
invasion. We used climatic, land use and topographic variables that
are known to inﬂuence the distribution of C. cunninghamiana, and vari-
ables related to history of the invasion to explain the distribution of nat-
uralized individuals (Table 1). The climatic parameters used were:
mean annual rainfall (mar), maximum summer temperature (mst),
mean minimum annual temperature (mmat), and moisture availability
(mav). Other variables used were: altitude (alt), distance to water
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(veg), national land cover (lcov), and natural soil pH (spH). Distance to
water bodies and water courses was deemed useful since rivers and
dams provide ideal sites for the establishment, growth and dispersal
of this species (Fig. 1). Distance to the nearest planted individual (dsp)
was also used to determine the importance of history in the
naturalisation of C. cunninghamiana.
To determine the distance at which naturalisation is most likely to
occur from the nearest planted individual, we tested the effect of
distance to planted trees on naturalisation at different distances
(50 m, 100 m, 200 m, 500 m, and 1000m) for all surveyed populations,
and repeated the analysis comparing populations in climatically suit-
able conditions with populations in climatically unsuitable areas. Once
the most signiﬁcant distance had been identiﬁed, we tested the effects
of all variables within this distance. The data were analysed using gen-
eralized linear models (GLMs) with binomial errors to test the signiﬁ-
cance of factors inﬂuencing the likelihood of populations naturalising.
The response variable was coded as ‘1’ for naturalized populations
and ‘0’ for planted (non-naturalized) populations. All analyses were
performed in R version 3.0.1 (R Development Core Team, 2010).
3. Results
3.1. Bioclimatic modelling
The model provided a good ﬁt when projected back onto the native
distribution of C. cunninghamiana in Australia: AUC = 0.959 (sd ±
0.002). The logistic threshold that maximizes the sensitivity and the
speciﬁcity values is 0.2179. When applying this threshold to South
Africa, around 57% of the area of South Africa and 34% of the Western
Cape has climatic conditions suitable for the growth (and possible inva-
sion) of C. cunninghamiana—mostly in the north-eastern interior parts
of the country and in the south-western Cape (Fig. 2). The bioclimatic
variables that contributedmost to themodel resultswere isothermality,
temperature seasonality, and mean annual precipitation which had
relative contributions of 43.6%, 24.9% and 14.4% respectively.
3.2. Current distribution and population dynamics
Eighty-nine populations were surveyed: at 72 of these there were
signs of naturalisation and at the other 17 no evidence of naturalisation
was found. At all naturalized sites there were a considerable proportion
of small, immature plants, although plants of up to 15 m tall were re-
corded (Fig. 3a). There were substantial differences between sites in
the size of plants at the onset of reproduction; 0.4 mwas the minimum
size observed for a reproductive plant and 32% of individuals taller than
1 m contained reproductive structures (Fig. 3b).
3.3. Areas prone to invasion by C. cunninghamiana
When all C. cunninghamiana populationswere analysed, altitude and
maximum summer temperature were important predictors for both
naturalised and planted distribution (Table 2). However, planted distri-
bution was also strongly predicted by distance to road, whilst the
naturalised distribution was much more inﬂuenced by distance to
water (Table 2). A similar trend was seen when only data from cli-
matically suitable sites were considered. However, at sites predicted
to be climatically unsuitable, moisture availability and distance to
water sources were important variables for both planted and
naturalised populations.When distance from naturalized individuals
to planted trees (dsp) was added to eachmodel estimating the distri-
bution of naturalized individuals (NatDsp), dsp emerged as the most
important and sole variable explaining the potential distribution of
C. cunninghamiana.
Not surprisingly, themodel ‘planted’ yielded a larger potential range
of suitable conditions than naturalized (Fig. 4b and c, respectively).This is attributable to the role of nurturing by humans of planted trees
(e.g. by watering, nutrient supplementation, and removal of competing
vegetation) which improves growth and survival (Iponga et al., 2008).
The models revealed that 29% of the Western Cape is at risk of
invasion by C. cunninghamiana. Invasion risk is highest in climatically
suitable areas, and areas that are close to sources of propagules and
water bodies and water courses.
3.4. Site factors inﬂuencing the invasion status of C. cunninghamiana
Naturalisation was most likely to occur within 100 m from the
nearest planted individual (F = 14.706, P b 0.0001, Table 3a). Within
this distance, number of planted trees (F= 10.977, P= 0.002), altitude
(F = 5.206, P = 0.003), soil pH (F = 4.947, P = 0.03) and land
cover (F = 4.173, P = 0.05) were found to be associated with
naturalisation (Table 4a). Populations planted at higher altitudes
had a greater probability of naturalising. Naturalized C. cunninghamiana
populations occurred mainly on neutral soils (pH 6.5–7.4) and planted
populations were mostly present in slightly acidic soils (pH b 6.5).
Naturalisation occurred mainly on cultivated land.
In climatically suitable areas, naturalisation was again most likely
to occur within 100 m from the nearest planted individual (F =
13.501, P b 0.001, Table 3b). As with all C. cunninghamiana populations,
number of planted trees (F= 12.758, P b 0.001), altitude (F= 4.871,
P b 0.03), and land cover (F= 4.840, P b 0.03) were found to be associ-
ated with naturalisation within this distance (Table 4b).
At climatically unsuitable sites, naturalisation was most likely to
occur within 10 m from the nearest planted individual — signiﬁcantly
less than in climatically suitable areas. Number of planted trees was
the only variable found to be associated with naturalisation in climati-
cally unsuitable sites (F= 9.321, P= 0.03).
4. Discussion
Our results provide a clear example of the conditional nature
of C. cunninghamiana invasions, with different factors driving
naturalisation at different sites. Suitable climatic conditions, propagule
pressure and distance to water bodies and water courses were strong
determinants of naturalisation, with naturalized populations occurring
mostly in climatically suitable areas within 100 m of planted individ-
uals. In suboptimal climatic conditions, naturalisation only occurred
very close (b10m) to planted trees andwater bodies andwater courses.
Our approach allows for the delineation of areas at risk of being invaded
by C. cunninghamiana and provides a means of prioritising search ef-
forts. Invasion risk is likely to be highest in areas that are climatically
most suitable, and that are close (b100 m) to sources of propagules
and water bodies and water courses.
Despite a long residence time and high propagule pressure associat-
ed with C. cunninghamiana, the current stage-structure (Fig. 3) of sur-
veyed populations is indicative of young and expanding populations.
In particular, a large number of seedlings are emerging, leading to a
heavily skewed stage-structure. Although cultivated land emerged as
a signiﬁcant determinant of naturalisation in C. cunninghamiana, there
is evidence that this species can naturalize in all areas where it is
planted, particularly in sites close to water (Fig. 5).Whilst it may simply
be the time taken for numbers to build up combined with dispersal
limitations, plants can reproduce when they are small and viable
seeds are being produced in signiﬁcant quantities (e.g. we recorded 5–
10 seedlings/m2 in some areas). Invasiveness of woody species with
dry fruits and mean seed mass b2 mg is very often limited to wet
habitats and exposed mineral soils (Rejmánek and Richardson 1996).
Our ﬁndings provide strong support for this.
At two separate sites, windbreak plantings had experienced low-
intensity ﬁres. At the ﬁrst site, 21% were unscathed and of those
where the above-ground parts were killed, 66% resprouted from roots
0 – 0.1 0.9 - 1
Planted
Naturalized
(a)
(b)
(c)
Fig. 4. a) Risk map for Casuarina cunninghamiana in theWestern Cape, South Africa, modelled using locations of planted and naturalized individuals. Maps show (a) the roads surveyed,
and the predicted suitability for (b) planted and (c) naturalized individuals. The inset shows the suitability of South Africa climates for C. cunninghamiana (see Fig. 2b).
142 L.J. Potgieter et al. / South African Journal of Botany 92 (2014) 134–146following the ﬁre. At the second site, 76% remained unscathedwhilst 7%
of the dead individuals resprouted.
One aspect that we do not explicitly consider here is the degree to
which root-nodule symbioses mediate C. cunninghamiana invasions.
Whilst the absence of appropriate species/strains of Frankia have affect-
ed the success of plantings in some parts of the world (Zhong et al.,
2010), there is no evidence that this has affected ﬁne-scale spread in
areas with widespread and very successful plantings of the species.
Indeed, every single seedling we examined had root nodules. The role
of this symbiosis in mediating distributions at different scales merits
further attention.
Invasion risk is likely to be highest in areas that are climatically most
suitable, that are disturbed and that are in close proximity to sources of
propagules (Richardson and VanWilgen, 2004). Proximity to propagulesources is intuitively an important factor inﬂuencing the spread of alien
species into natural areas (Alston and Richardson, 2006).
In the absence of appropriate interventions, C. cunninghamiana is set
to spread from its current distribution to invade a much larger area of
theWestern Cape. Propagule pressure proved a signiﬁcant determinant
of naturalisation in climatically suitable areas. This suggests that if
C. cunninghamiana is planted more widely in climatically suitable
areas, populations would have the ability to successfully overcome
barriers to naturalisation. Human-mediated propagule pressure is
therefore a crucial determinant of invasions, and any attempts to reduce
further invasion of the species must address this factor.
Where thebroad-scale climate is unsuitable, naturalisation is limited
to sites very close to planted trees and water bodies and water courses.
Therefore, we predict that naturalisations in climatically unsuitable
Table 3
Linear regressions of the factors inﬂuencing naturalisation of Casuarina cunninghamiana populations in South Africa. (a) All surveyed populations (n = 89); (b) populations in areas with
suitable climatic conditions (n = 75). Median and range of the data are given for continuous variables.
Variable Median, range Test Relationship
(a)
Altitude 197, 19–410 F = 0.606, P = 0.438 No effect
Arable land F = 0.171, P = 0.680 No effect
Deep sand F = 0.670, P = 0.415 No effect
Distance to dams (m) 460, 0.1–2865 F = 1.062, P = 0.306 No effect
Distance to plantings (m) 363, 0.1–20919 F = 14.706, P = 0.000 Naturalisation is most likely to occur within
100 m from the nearest planted individual
Distance to rivers (m) 1329, 0.7–4220 F = 0.151, P = 0.699 No effect
Distance to roads (m) 257, 1.7–2296 F = 0.208, P = 0.649 No effect
Dry land F = 0.096, P = 0.757 No effect
Habitation F = 0.149, P = 0.700 No effect
Land cover F = 0.203, P = 0.653 No effect
Management F = 0.504, P = 0.480 No effect
Moisture availability F = 0.035, P = 0.852 No effect
Number of planted individuals (log transformed) 220, 0–1050 F = 0.918, P = 0.341 No effect
Pastoral land F = 0.027, P = 0.870 No effect
Road/rail F = 0.020, P = 0.887 No effect
Rocky F = 0.035, P = 0.852 No effect
Soil pH 7, 5.5–7.5 F = 4.947, P = 0.029 More neutral soils favour naturalisation
Transformed F = 0.602, P = 0.440 No effect
Vegetation type F = 1.334, P = 0.251 No effect
Wasteland F = 0.174, P = 0.678 No effect
(b)
Altitude 195, 19–410 F = 0.470, P = 0.495 No effect
Arable land F = 0.215, P = 0.644 No effect
Deep sand F = 0.506, P = 0.479 No effect
Distance to dams (m) 429, 0–2865 F = 0.919, P = 0.341 No effect
Distance to plantings (m) 363, 0.1–20919 F = 0.045, P = 0.000 Naturalisation is most likely to occur within
100 m from the nearest planted individual
Distance to rivers (m) 1317, 0.7–4096 F = 0.702, P = 0.702 No effect
Distance to roads (m) 276, 1.7–2296 F = 0.251, P = 0.618 No effect
Dry land F = 0.029, P = 0.866 No effect
Habitation F = 0.179, P = 0.673 No effect
Land cover F = 0.088, P = 0.768 No effect
Management F = 0.519, P = 0.473524 No effect
Moisture availability F = 0.061, P = 0.806 No effect
Number of planted individuals (log transformed) 233, 0–1050 F = 0.677, P = 0.413 No effect
Pastoral land F = 0.032, P = 0.858 No effect
Road/rail F = 0.018, P = 0.892 No effect
Rocky F = 0.010, P = 0.921 No effect
Soil pH 7, 5.5–7.5 F = 13.501, P = 0.057 No effect
Transformed F = 0.452, P = 0.503 No effect
Vegetation type F = 2.308, P = 0.133 No effect
Wasteland F = 0.183, P = 0.670 No effect
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likely to be fairly restricted and local.
In line with observations from its native and invasive range (Castle
et al., 2008; Orwa et al., 2009), our risk model shows water bodies and
water courses to be highly suitable for C. cunninghamiana establish-
ment. Preliminary ﬁeld observations from the Theewaterskloof dam
(a focal site for invasion of this species in the Western Cape) showed
that C. cunninghamiana (a pioneer species) establishes predominantly
along the high-water mark on a variety of substrates and is able to sur-
vive periodic inundation (Box 1). Here, the distribution of naturalized
populations appears to be largely determined by propagule pressure
and the direction of prevailingwinds. Roadsides are also likely to be im-
portant for invasion of this species as they represent linear disturbances
with the removal of native vegetation (Fig. 1d). Our risk model showed
that disturbance associated with roadsides is moderately inﬂuential in
predicting C. cunninghamiana environmental suitability (Table 2).
Maximum summer temperature was found to be inﬂuential in
predicting both planted and naturalized C. cunninghamiana environ-
mental suitability — areas with higher temperatures are less suitable.
In its native range, C. cunninghamiana is mainly found in the warm
sub-humid climatic zone with maximum temperature of the hottest
month ranging from 25 to 40 °C (Whistler and Elevitch, 2006). It is
moderately drought resistant but is unable to tolerate semi-aridconditions unless additional water (irrigation or groundwater) is avail-
able to supplement rainfall (Orwa et al., 2009).
All indications are that this species is still at an early stage of
invasion, and not at equilibriumwith environmental conditions. There-
fore, models calibrated using this limited set of occurrence data are
likely to underestimate the potential naturalized distribution of
C. cunninghamiana in theWestern Cape (particularly in climatically un-
suitable areas) and represent conservative predictions of the actual po-
tential distribution of the species. The species is expected to expand its
rangewhen established individualsmature and act as new seed sources.
Considering that C. cunninghamiana is widely used as an agricultural
windbreak, and that naturalisation is most likely to occur within 100 m
from the nearest planted individual, it is not surprising that cultivated
land proved an important determinant of naturalisation, as competing
vegetation is removed allowing this pioneer species to establish. Natu-
ralized populations of C. cunninghamianawere foundmostly on neutral
soils (pH 6.5–7.4) however, this species is able to tolerate acidic, neu-
tral, alkaline and saline soils (Castle et al., 2008).With most naturalized
populations occurring in cultivated areas, soil pHmay ﬂuctuatewith the
application of fertilizers.
C. cunninghamiana invasions in theWestern Cape can be categorised
aswidespread but not very abundant at any locality. However, there is a
high potential for much greater spread and impact in future (Appendix
Table 4
Linear regressions of the factors inﬂuencing naturalisation of Casuarina cunninghamiana populations in South Africa within 100 m of the nearest planted individual. (a) All surveyed
populations (n = 89); (b) populations in areas with suitable climatic conditions (n = 78). Median and range of the data are given for continuous variables.
Variable Median, range Test Relationship
(a)
Altitude 186, 19–361 F = 5.208, P = 0.027 Populations at the higher altitudinal range
have a greater probability of naturalising
Arable land F = 0.208, P = 0.650 No effect
Deep sand F = 0.003, P = 0.959 No effect
Distance to dams (m) 478, 0.1–2865 F = 0.086, P = 0.771 No effect
Distance to plantings (m) 12, 0.1–91 F = 11.512, P = 0.001 Naturalisation is most likely within 100 m
of the nearest planted individual
Distance to rivers (m) 1350, 0.7–4220 F = 0.010, P = 0.922649 No effect
Distance to roads (m) 235, 5.4–2296 F = 2.139, P = 0.145 No effect
Dry land F = 0.000, P = 0.990 No effect
Habitation F = 0.047, P = 0.829 No effect
Land cover F = 4.173, P = 0.046 Naturalisation is more likely to occur on
cultivated land
Management F = 1.090, P = 0.301677 No effect
Moisture availability F = 2.847, P = 0.098 No effect
Number of planted individuals
(log transformed)
236, 0–1050 F = 10.977, P = 0.002 Higher propagule pressure is more likely
to result in naturalisation
Pastoral land F = 0.017, P = 0.898 No effect
Road/rail F = 1.584, P = 0.214 No effect
Rocky F = 0.007, P = 0.935 No effect
Soil pH 7, 5.5–7.5 F = 4.551, P = 0.038 More neutral soils favour naturalisation
Transformed F = 0.388, P = 0.536 No effect
Vegetation type F = 0.024, P = 0.877 No effect
Wasteland F = 0.03, P = 0.861 No effect
(b)
Altitude 181, 19–361 F = 4.87, P = 0.034 No effect
Arable land F = 0.207, P = 0.652 No effect
Deep sand F = 0.000, P = 0.996 No effect
Distance to dams (m) 458, 0–2865 F = 0.178, P = 0.675 No effect
Distance to plantings (m) 12, 0.1–91 F = 12.174, P = 0.001 Naturalisation is most likely to occur within
100 m of the nearest planted individual
Distance to rivers (m) 1341, 0.7–4096 F = 0.014, P = 0.905 No effect
Distance to roads (m) 252, 5.4–2296 F = 2.204, P = 0.147 No effect
Dry land F = 0.148, P = 0.703 No effect
Habitation F = 0.168, P = 0.684 No effect
Land cover F = 4.840, P = 0.034 Naturalisation is more likely to occur on
cultivated and/or degraded land
Management F = 1.606, P = 0.213 No effect
Moisture availability F = 3.312, P = 0.077 No effect
Number of planted individuals
(log transformed)
256, 0–1050 F = 12.758, P = 0.001 No effect
Pastoral land F = 0.005, P = 0.943 No effect
Road/rail F = 2.127, P = 0.154 No effect
Rocky F = 0.003, P = 0.959 No effect
Soil pH 7, 5.5–7.5 F = 3.772, P = 0.060 No effect
Transformed F = 0.653, P = 0.424 No effect
Vegetation type F = 0.032, P = 0.859 No effect
Wasteland F = 0.111, P = 0.741 No effect
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Appendix A). As such, management needs to reduce risk of future
spread, control existing invasions, and determine whether the invasion
risk of its utilisation can be minimised.
At a national scale, searching for C. cunninghamiana should be
done within areas identiﬁed as having high climatic suitability for
the species (Fig. 2b). Visser et al. (2014) have demonstrated the useful-
ness of Google Earth imagery for monitoring tree invasions and
C. cunninghamiana could be a useful test case in this regard. As the agri-
cultural industry is the most likely pathway for dissemination of this
species and given the current association of C. cunninghamiana with
plantations and water sources in its known invasive range, targeted
awareness campaigns should be focussed particularly in these areas
(Fig. 4c). If new invasions are found elsewhere in the country,
a similar approach to searching at regional and local scales should
be applied to detect all populations and plants within the affected
area.
Given the current extent of invasion in the Western Cape and
elsewhere in South Africa, eradication is not feasible. The goal forC. cunninghamianamanagement should be to limit spread where possi-
ble, and improve the efﬁcacy of current management practices. The
focus should be on a combination of mechanical, chemical and biologi-
cal control in the high-risk areas proposed in this study. Given the
strong ability of C. cunninghamiana to resprout, proper control and
follow-up is essential to prevent re-establishment of dense stands and
further spread.
Based on these concepts, we recommend that: 1) all future sales
and plantings of C. cunninghamiana should be restricted to male plants;
2) all female plants (or if the sex cannot be determined, all plants)
within 100 m of any water body and water course should be removed;
and 3) a national management strategy be put in place to control
current naturalized populations and limit their spread.
Additionally we recommend that ﬁrstly a formal cost–beneﬁt analy-
sis should be undertaken to assess the desirability and sustainability of
using C. cunninghamiana as windbreaks. Secondly, landowners need to
be made aware of the threat posed by C. cunninghamiana, and legal ob-
ligations relating to this species under CARAneed to be strictly enforced.
Thirdly, classical biological control should be considered. Whilst the
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Fig. 5. Themajor landuse types of all naturalised and non-naturalised Casuarina cunninghamianapopulations in theWestern Cape, South Africa. Habitation refers to populations planted in
farmyards and gardens, transformed land is dominated by invasive alien plants, pastoral land includes areas used for farmingwith domestic orwild animals, andwasteland refers to aban-
doned land, dumping sites, quarries or eroded land.
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priority for South Africa. Agents that reduce the reproductive output
could substantially reduce the risk of spread from plantings. The devel-
opment of agents in Florida, USA (Wheeler et al., 2011) should be close-
ly followed and supported if possible.
If the proposedmanagement recommendations discussed above are
followed, it may be possible to utilise the species in an environmentally-
friendly way in the future.Acknowledgements
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